Habitat preferences of epiphytic foraminifers, particularly Archaias angulatus and Sorites orbiculus, were studied in a mixed macroalgal-seagrass bed in Florida Bay near Long Key. Ten common plant species with different growth forms were sampled. On all ten macrophytal substrates, foraminifers belonging to the Order Miliolida made up at least 75% of the foraminiferal assemblage, with smaller miliolids accounting for between 30 and 60% of the assemblages. Archaias angulatus composed more than 30% of the assemblage on seven of the ten substrates. The smaller miliolids and A. angulatus were most abundant on entangled or epiphytized macroalgae, indicating that such substrate provides optimal three-dimensional habitats that are sheltered from water motion, yet provide abundant food and light resources.
INTRODUCTION
Benthic foraminifera live abundantly on marine plants, as well as in and on sediments and on hard substrates (Brasier, 1975a,b,c; Murray, 1991; Kitazato, 1994 ; many others). Langer (1993) classified epiphytic foraminifera, i.e., those living on phytal substrates, into four morphogroups based on their modes of surface attachment, locomotion, and feeding strategies: permanently attached, temporarily attached, suspension-feeding motile, and permanently motile grazing foraminifera. Langer found that substrate preferences were most pronounced in permanently attached and suspensionfeeding motile taxa. On the other hand, suspension-feeding motile taxa appear to prefer more topographically-complex habitats.
Archaias angulatus and Sorites orbiculus are soritid species that are commonly found in seagrass beds in the subtropical/tropical western Atlantic and Caribbean, although they are morphologically and physiologically quite different. The primary goal of this study was to compare microhabitat preferences of these two important taxa. Both species can generally be found relatively abundantly in seagrass beds in Florida Bay in the immediate vicinity of the Florida Keys Marine Laboratory (FKML) on Long Key. Because FKML is a convenient location to study these foraminifers (e.g., Lévy 1991 Lévy , 1994 Hallock and Peebles, 1993) , an ancillary goal of this project was to determine what phytal substrates are most likely to yield abundant living specimens. One practical application of this study is to enable researchers to minimize collection time and impact on phytal substrates. This study may also provide insight into why the Soritidae are declining relative to smaller miliolid and rotaliid foraminifers in nearshore and shelf sediments of the Florida reef tract (Cockey and others, 1996) .
TARGET FORAMINIFERS
Archaias angulatus individuals have robust, involute planispiral tests, with multiple apertures (see, e.g., Levy, 1991; Hallock and Peebles, 1993) . The apertural face expands with increasing test size. This species is fully motile and appears to be intermediate between Langer's (1993) suspension-feeding and grazing motile morphotypes. Members of this species host chlorophyte symbionts, and therefore require light for photosynthesis (Lee and Zucker, 1969) , though they get less than 10% of their carbon budget from their symbionts (Lee and Bock, 1976) . Martin (1986) postulated that their apparent intolerance of substantial wave and current motion may be the consequence of relatively weak reticulopodia, and therefore, limited powers of attachment. Hallock and others (1986) noted that the highest densities of this species were found in lushly epiphytized macroalgal-seagrass substratum.
In contrast, Sorites orbiculus individuals have flat, discoid tests and host dinoflagellate endosymbionts (Müller-Merz and Lee, 1976) . Juveniles and some adults are motile, though many adult specimens attach so firmly to the substrate that they are easily broken if removed. The difficulty in categorizing this species is exemplified by Langer (1993) , who described S. orbiculus as ''motile'' while placing it in the permanently-attached morphotype. Langer observed that permanently-attached species tend to dominate on flat leaves of relatively long-lived macrophytes. Kloos (1980) reported that the seagrass Thalassia testudinum was the most favor-FIGURE 1. Seagrasses and macroalgae selected for this study in mixed macroalgal-seagrass beds in Florida Bay, with their average heights or widths, and their growth form categories. able phytal substrate for Sorites orbiculus in lagoons and bays of Curaçao.
METHODS
Phytal samples were collected from a site in mixed macroalgal-seagrass beds in the immediate vicinity of FKML (24Њ49.56Ј N, 80Њ48.86Ј W) between April 17 and April 23, 1998; the location and environment were described by Hallock and Peebles (1993) . Mean water depth at the site is approximately 1 m. We selected ten common plant species, including two seagrasses (Syringodium filiforme and Thalassia testudinum), five calcareous chlorophytes (Acetabularia calyculus, Avrainvillea longicaulis, Halimeda monile, H. opuntia, and Penicillus dumetosus), and three noncalcareous macroalgae (Hypnea cervicornis, Laurencia intricata, and Ulvaria oxysperma). All Halimeda opuntia specimens selected were covered with filamentous algae. The variety of phytal growth forms examined is illustrated in Figure 1 .
Three replicate samples for each plant species were collected by a snorkler (the senior author) in three different ways according to plant forms. For seagrasses and erect macroalgae, plants in a 25 cm 2 sample area, typically one or two clumps, were cut just below the sediment surface using scissors and carefully placed into a plastic bag at the sample site. A similar procedure was used for U. oxysperma and L. intricata, though larger samples of 100 cm 2 , were collected. For Halimeda opuntia and Hypnea cervicornis, a circular plastic box, 6 cm in diameter, was placed over the algae, which were detached from the sediment below by sliding a steel plate under the box, then capping it with a plastic lid. Immediately after the collections, each phytal sample was spread onto filter paper using forceps, then air dried. Seawater and residue remaining in the sampling bag or box were washed over a 63 m mesh sieve and the residue was saved for later analysis. Each plant dried was divided into several parts, depending upon its growth structure (Fig. 1) . Moreover, each part was separated into the main substrate and attached epiphytic algae, which were typically either filamentous algae or Hypnea cervicornis. Each subsample was examined microscopically and foraminifers that had remained attached were picked. Individuals alive at the time of collection were distinguished by symbiont color for algal symbiont-bearing taxa or by the presence of dark brown protoplasmic color inside the test when wetted in other taxa. All living specimens picked from each algal part and the residue were identified and counted to species for algal symbiont-bearing taxa, and to order for other foraminifers. Counts were standardized to numbers of individuals per 25 cm 2 sample area for density comparisons among substrate types. Analysis of variance (ANOVA) was performed on both relative abundance (percent) and density data, which were transformed using arcsin (p/100) 0.5 or log(x ϩ 1), where p is percent and x is density, to normalize the distributions and homogenize the variances (Sokal and Rohlf, 1973) . When significant differences were observed within a data set, the difference between each pair of means was analyzed using the Fisher's least significant difference (LSD) method (Shinjo, 1996) .
RESULTS

RELATIVE ABUNDANCES
To compare relative abundances of key foraminiferal taxa, counts were pooled for each phytal substrate and converted to percent of total assemblage (Fig. 2) . On all ten phytal substrates, foraminifers belonging to the Order Miliolida made up at least 75% of the foraminiferal assemblage, with smaller miliolids accounting for between 30% and 60% of the assemblages. Archaias angulatus composed more than 30% of the assemblage on seven of the ten substrates. Sorites orbiculus was present on all phytal substrates, but was responsible for more than 5% of the assemblage on only three, notably both species of seagrass and on the rhodophyte Laurencia intricata. Representatives of the Order Rotaliida were much less common, and only on Halimeda opuntia and Hypnea cervicornis did they contribute more than 10% of the total fauna. Androsina lucasi, a chlorophyte-bearing species similar to Archaias angulatus, was present but never abundant, as were a few agglutinated species (''others'', Fig. 2 ). Two-way ANOVA of relative abundance data revealed significant differences between foraminiferal taxa and the interaction (foraminiferal taxa ϫ phytal substrates), but not between phytal substrates (Table 1) . 
FORAMINIFERAL DENSITIES
To determine if foraminiferal densities differed among the phytal substrates, the mean number of individuals per 25 cm 2 of bottom were compared for each substrate (Fig. 3) . One-way ANOVA (Table 2 ) and LSD analysis (Table 3) for total epiphytic foraminiferal densities confirmed significant differences among phytal substrates. Total epiphytic foraminiferal densities were an order of magnitude higher on Halimeda opuntia with epiphytic filamentous algae (Ͼ10 3 / 25 cm 2 ) than on other substrates (Fig. 3) ; as a result, this substrate was significantly different than all others (Table  3) . Total densities (approximately 10 3 /25 cm 2 ) were consistently similar (as indicated by means and standard deviations, see Fig. 3 ) on Hypnea, Thalassia, and the other four calcareous algae, so that LSD analysis revealed few significant differences within this group (Table 3) . Densities were highly variable on Syringodium and Ulvaria, and were an order of magnitude lower (Ͻ10 1 /25 cm 2 ) on Laurencia (Fig.  3) , and LSD analysis revealed minimal differences within this group (Table 3) .
Because smaller miliolids and Archaias angulatus dominated the total foraminiferal assemblage on all phytal substrates, the patterns of densities and variability were quite similar for these two groups (Fig. 3) . One-way ANOVA (Table 2 ) and LSD analysis (not shown) produced nearly identical results to those for total epiphytic foraminiferal densities (Table 3) . Archaias was notably sparse on Laurencia (Fig. 3) .
Sorites orbiculus was consistently nearly an order of magnitude less abundant than Archaias on all substrates except Laurencia, upon which all foraminifers were scarce. No significant differences in densities of Sorites were observed among phytal substrates (Table 2) . Sorites was seldom found on Ulvaria (Fig. 3) .
MICROHABITAT SELECTIVITY
Epiphytic Growth
Filamentous algae and Hypnea cervicornis were epiphytic on most of the phytal substrates examined, although the amounts of the epiphytes varied. Qualitatively, epiphytic growth tended to be greatest on the calcareous chlorophytes, intermediate on the seagrasses, and minimal on the very smooth, shiny surfaces of Laurencia and Ulvaria. Halimeda opuntia and Hypnea cervicornis were excluded from this analysis because all examples of the former were heavily epiphytized and the latter was one of the epiphytes in many cases.
For eight of the ten phytal substrates, foraminiferal specimens from the main phytal surface, from epiphytic algae, and from the residue were tabulated separately (Fig. 4) . Total fauna, again reflecting primarily Archaias and the small miliolids, indicates the importance of epiphytic algae as habitat for these foraminifers, particularly on the calcareous algal species. Foraminifers were as much as an order of magnitude more abundant in the epiphytic algae than on the calcareous algal thalli. Trends are similar but not statistically significant, for the seagrasses. Laurencia and Ulvaria host minimal epiphytic growth of any kind, including foraminifers. Two-way ANOVA results for microhabitat selectivity by foraminiferal taxa showed that, for total epiphytic foraminifers and Archaias angulatus, mean densities were significantly different between attachment sites and among plant species, but the interaction was not significant (Table  4) . There were significant differences in the mean densities of smaller miliolids between attachment sites, plant species, and their interaction.
Again, Sorites orbiculus contrasts with the other taxa studied. On Avrainvillea, Halimeda monile, Laurencia, and Thalassia, Sorites individuals were more commonly attached to the main plant than to its epiphytes. Unfortunately, variability was too great and sample numbers were too small to know if these trends are significant. The two-way ANOVA result for the microhabitat selectivity in Sorites orbiculus revealed no significant differences in density for attachment sites, plant species, and their interaction (Table  4) .
Parts of the Host Plant
To determine where foraminifers live on phytal substrates, data on the number of individuals from each part, assessed according to plant form (Fig. 1) , were pooled for replicate samples and converted to percentages. Only six plant species were included in this analysis, the two seagrasses and four of the calcareous algae. Again, with the exception of Sorites orbiculus, most foraminifers were found in the epiphytic algae (Fig. 5) . Epiphytic foraminifers were more common on the leaves of Thalassia testudinum than on the stems. Archaias and smaller miliolids were most abundant in epiphytic algae, while 80% of the Sorites were found attached to leaves (Fig. 5) . All taxa were more common on the epiphytes of Syringodium. On Acetabularia, and to a lesser extent on Avrainvillea, most foraminifers were found in epiphytic algae on the stalks. On Penicillus, the majority of foraminifers were found on the blades. Two-way ANO-VA results showed that for all the plant species except Halimeda monile, there were significant differences in the relative foraminiferal abundances between attachment sites, but not between foraminiferal taxa nor interaction; the relative abundances on Halimeda monile had significant differences both between attachment sites and with interaction (Table 5 ).
DISCUSSION
The major findings of this study are: a) Archaias angulatus and smaller miliolids dominated the samples examined; b) Archaias angulatus and smaller miliolids were an order of magnitude more abundant on heavily epiphytized Halimeda opuntia than on other calcareous algae and seagrasses; c) Archaias angulatus and smaller miliolids were up to an order of magnitude more abundant on epiphytic algae than on primary phytal substrates; d) Archaias angulatus and smaller miliolids were two orders of magnitude more abundant on heavily epiphytized Halimeda opuntia than on Laurencia intricata, a very smooth, turgid rhodophyte that seldom hosts epiphytes; e) Sorites orbiculus was nearly an order of magnitude less abundant than Archaias angulatus on all phytal substrates examined except Laurencia intricata, upon which relatively few foraminifers of any kind were found; f) Sorites orbiculus showed minimal selectivity for phytal substrates by species; and g) Sorites orbiculus appears to favor primary phytal substrates, particularly Thalassia blades, over epiphytized phytal substrates.
The site studied was previously described by Hallock and Peebles (1993) as eurytopic, with annual temperatures ranging from 14Њ to 39Њ C and salinities from 29‰ to 39‰. FIGURE 4. Densities of epiphytic foraminifers (in total, Archaias angulatus, smaller miliolids, and Sorites orbiculus) for each phytal substrate (standard deviations indicated by bars). Density data are divided into three categories: those from the main phytal substrate, those from epiphytic algae (filamentous algae and Hypnea cervicornis) on the main substrate, and those from the residue that fell after collection.
Sediments in the area are carbonates. These environmental conditions probably account for the overwhelming dominance of Miliolida, both large and small.
Filamentous algae and Hypnea cervicornis form entangled three-dimensional mats that appear to be highly favorable habitats for Archaias and smaller miliolids. Within these mats, food organisms such as microalgae and bacteria (Lipps, 1983) can flourish, and the residents are sheltered from strong wave or current motion. Thus, the original phytal substrate may be less important than the degree of epiphytization in providing foraminiferal habitat for Archaias and many small miliolids.
However, our observations indicate that some phytal substrates may be more suitable for epiphytization than others. That is, the calcareous taxa, particularly Halimeda opuntia, tended to be more highly epiphytized than the seagrasses. The fleshy macroalgae, Laurencia and Ulvaria, both have smooth, shiny surfaces that may resist epiphytic growth and therefore provide very limited habitat for Archaias and smaller miliolids.
Although our data show little evidence of phytal selectivity by Sorites orbiculus, Kloos (1980) reported that these foraminifers were more abundant on Thalassia testudinum than on other plants in several lagoons and bays on Curaçao. Hallock and others (1991) postulated that algal symbiontbearing discoid foraminifers living on seagrass blades capture sunlight from above, absorb nutrients released by the seagrass from below, and feed on bacteria and microalgae via pseudopodia extruded from multiple apertures along the periphery of the final chamber. During most of its life, a S. orbiculus individual lives in one place, attached by an organic pellicle and encircled by a rim of sediment, which is probably its feeding cyst (Kloos, 1980) . These observations, coupled with the relative longevity of an individual seagrass blade, indicate why Thalassia testudinum can be an ideal substrate for S. orbiculus.
ENVIRONMENTAL SIGNIFICANCE OF FORAMINIFERAL MICROHABITATS
Benthic algae, particularly filamentous and fleshy algae, are increasing around the Florida Keys (Dustan and Halas, 1987; Porter and Meier, 1992) . LaPointe and Clark (1992) and LaPointe and others (1994) have shown that increasing input of anthropogenic nutrients into coastal waters is promoting algal growth. Cockey and others (1996) found that foraminiferal assemblages from sediments sampled off Key Largo, Florida, have changed over the past several decades. In 1961, assemblages were dominated by larger, algal symbiont-bearing taxa, primarily Soritidae in inner and midshelf habitats, and Amphistegina in outer-shelf habitats. In 1992, sediments along the same traverses were dominated by smaller miliolid and rotaliid foraminifers.
The results of our study of foraminiferal mocrohabitats, interpreted in the context of other events in the Florida Keys, provide insights that help explain assemblage changes observed by Cockey and others (1996) . First, increased nutrient supply to very shallow coastal waters promotes benthic algal growth, including epiphytization of macrophytes. Increased epiphytization of seagrasses may favor Archaias and smaller miliolids, but not Sorites orbiculus, which may be deterred from attaching on epiphytized surfaces or, once attached, may be smothered by epiphytic algal growth. Increased algal growth can also jeopardize Archaias if excess organic matter accumulates in the sediments and benthic oxygen utilization depletes oxygen supplies. This scenario is particularly likely on claim summer nights when oxygen concentrations are reduced by warm temperatures, respiration rates are high, and mixing by water movement is minimal. Archaias angulatus is particularly intolerant of anoxia (Hallock and Peebles, 1993) . Thus, the eutrophication of inshore waters that has been reported by LaPointe and Clark (1992) , LaPointe and others (1994), Szmant and Forrester (1996) , and others may partly explain why relative abundances of Archaias tests in inshore sediments have also declined relative to those of the smaller miliolids.
